Although the incidence of stroke was lower in the medical arm, recurrent stroke was found in 12% of patients despite aggressive medical management, suggesting that intervention may remain a viable option for ICAD if perioperative risk is minimized. Angioplasty without stenting represents an alternative and understudied revascularization treatment for ICAD. Submaximal angioplasty limits the risks of thromboembolism, vessel perforation, and reperfusion hemorrhage that were frequently reported with stenting in the SAMMPRIS trial. The authors conducted a prospective Phase I trial designed to assess the safety of submaximal angioplasty in patients with symptomatic ICAD. methods This study was approved by the local institutional review board. Demographic and clinical data were prospectively collected. Angioplasty was performed with a balloon undersized to approximately 50%-70% of the nondiseased vessel diameter in patients with symptomatic ICAD who had angiographically significant stenosis of ≥ 70%. The primary outcome measure was the incidence of periprocedural complications (combined rate of death, stroke, and hemorrhage occurring within 30 days and at 1 year). results Among the 65 patients with symptomatic ICAD who were screened, 24 had significant angiographic stenosis that met the inclusion criteria of this study. The mean age was 64.08 years (median 65 years; SD ± 11.24 years), most were men (62.5%), and most were white (66.67%). Many patients had concomitants of vascular disease, including hypertension (95.8%), hyperlipidemia (70.83%), smoking history (54.1%), and diabetes mellitus (50.0%). Coronary artery disease (41.66%) and previous stroke or transient ischemic attack (45.83%) were frequently present. Most patients (75%) had anterior circulation stenosis. The mean preprocedure stenosis was 80.16% (median 80%, range 70%-95%). Submaximal angioplasty was performed in patients who met the inclusion criteria, with a mean postangioplasty stenosis rate of 54.62% (median 55.5%, range 31%-78%). Rates of ischemic stroke in the territory of the treated artery were 0% within 30 days and 5.55% (in the only patient who presented with recurrent stroke) at 1 year. The mortality and hemorrhage rates in this series were 0%. coNclusioNs This study demonstrates the safety of the submaximal angioplasty technique, with no permanent periprocedural complications in 24 treated patients.
A lthough accounting for a minority of diagnosed ischemic cerebral infarctions, symptomatic intracranial atherosclerotic disease (ICAD) is a dangerous disease, with a relatively high risk for recurrent infarction. 8 In the Warfarin-Aspirin Symptomatic Intracranial Disease (WASID) trial, the risk of major vascular events was high when patients received either warfarin (8.4 events per 100 patient-years) or aspirin (18.1 per 100 patient-years). 3 In the Stenting and Aggressive Medical Management for Preventing Recurrent Stroke in Intracranial Stenosis (SAMMPRIS) trial, nearly 1 in 8 symptomatic patients had recurrent stroke within 12 months of observation despite aggressive medical management. 2 This represented the lowest incidence of recurrent stroke in follow-up of patients with symptomatic ICAD in any prospective study to date. These patients were treated with a combination of aspirin, clopidogrel, rosuvastatin (Crestor; AstraZeneca), and an aggressive lifestyle-changing regimen, including monitored exercise, cessation of smoking, and other healthy lifestyle choices overseen by a lifestyle coach. 4 Because this treatment may not be a possibility for many patients with symptomatic intracranial atherosclerosis and because the annual stroke rate remains high despite these aggressive interventions, a supplementary treatment strategy of flow augmentation may be considered. Studies to date comparing surgical treatment with bypass (the Carotid Occlusion Surgery Study [COSS] 11 ) or endovascular treatment with stenting (the aforementioned SAMMPRIS trial 2 ) have been terminated because of the failure of intervention to demonstrate superior stroke prevention when compared to medical treatment alone.
The failure of intracranial stenting in SAMMPRIS 2 and cerebral bypass in COSS 11 was due primarily to perioperative complications rather than lack of flow restoration. Each study reported a nearly 15% incidence of perioperative events, including stroke or death. Although it may be difficult to limit complications of surgical bypass with current techniques, the endovascular option of submaximal angioplasty is a viable one compared with stenting to restore flow, while limiting complications. 5 We conducted a prospective Phase I trial designed to assess the safety of submaximal angioplasty in patients with symptomatic ICAD.
methods study setting and population
This study was approved by the University at Buffalo Health Sciences institutional review board. It was designed to have similar inclusion criteria and data end points to those in SAMMPRIS. 4 Demographic and clinical data were prospectively collected. All patients presenting with stroke were screened for this study consecutively. This study was performed at a single institution, and recruitment took place between January 2012 and October 2014. Data were collected until December 2014.
All patients presenting with stroke or transient ischemic attack (TIA) and in whom ICAD was suspected after review of noninvasive imaging studies (CT angiography and CT perfusion) obtained in the arterial distribution and confirming the patient's stroke syndrome were considered for this study. Patients with a suspected thromboembolic or atheroembolic source located extracranially (including ipsilateral thoracic or cervical vascular occlusive disease) or atrial fibrillation as their ischemic event were not included in this study. Additional exclusion criteria included lacunar stroke; disabling stroke, measured as modified Rankin Scale (mRS) score > 3; > 30 days between incidence of presenting stroke/TIA and study enrollment; age < 30 years or > 80 years; previous arterial revascularization procedure (including angioplasty, stenting, or endarterectomy of the affected lesion or any area of the vascular tree proximal to the affected lesion); presence of intracranial tumor or vascular malformation; thrombolytic therapy within 24 hours prior to enrollment; progressive neurological signs within 24 hours prior to enrollment; any intracranial hemorrhage within 30 days prior to enrollment; and major surgery within the previous 30 days or planned in the next 90 days after enrollment.
Angioplasty was performed for patients with symptomatic ICAD (stenosis of 70%-99% of the diameter of the affected artery) with a balloon undersized to approximately 50%-70% of the nondiseased vessel diameter. For angioplasty, we used the Gateway (Stryker Neurovascular) or the semicompliant cardiac angioplasty balloon (miniTrek, Abbott), with the selection depending on availability. Patients underwent systemic heparinization to obtain an activated coagulation time of > 250 seconds. The balloon was inflated to its nominal pressure, with an effort to inflate at a rate of 1 atm per minute and deflate slowly as well, by 1 atm every 30 seconds. With a nominal pressure of 6 atm, this typically accounted for no more than 5-8 minutes of flow cessation per case. Generally, a single balloon inflation angioplasty was performed. All procedures were performed with patients under conscious sedation, using standard transarterial techniques through transfemoral access.
Patients were treated with oral dual antiplatelet therapy prior to the start of the procedure. This included loading doses (if the patient was not already receiving antiplatelet medication) of aspirin (650 mg orally) and clopidogrel (600 mg orally) before the procedure. All patients were tested for response to clopidogrel with the VerifyNow! Assay (Accumetrics). For patients with a poor response to clopidogrel (defined as a response unit of > 220) on the VerifyNow! Assay, clopidogrel dosing was increased from 75 mg once a day to 75 mg twice daily, or an alternate antiplatelet medication was used (prasugrel, 10 mg daily; or ticagrelor, 90 mg twice daily). Dual antiplatelet therapy (typically aspirin, 325 mg daily; and clopidogrel, 75 mg daily) was continued for at least 3 months in all patients, with continued prescription of these medications beyond 3 months at the discretion of the surgeon and stroke neurologist. Patients were additionally treated with rosuvastatin (40 mg daily). Healthy lifestyle choices, including smoking cessation, diet modification, and exercise, were recommended.
outcome measures and baseline demographics
The primary outcome measure was the incidence of complications (the combined end point included death, stroke, and hemorrhage) occurring within 30 days and at 1 year. Stroke was defined as a new neurological deficit that increased the National Institutes of Health Stroke Scale (NIHSS) score by at least 1 point and lasted for more than 24 hours, combined with a corresponding area of infarction on MRI. Neurological examinations were performed by certified research personnel on each patient at regular intervals including at the time of enrollment, periprocedurally, and postprocedurally at 30 days, and at 1 year. The examination included assignment of NIHSS score, mRS score, and Barthel Index (BI). Additional demographic information recorded included age, sex, race, history of typical concomitants of vascular disease (hypertension, diabetes mellitus, hyperlipidemia, cigarette smoking), and relevant medical history (coronary artery disease, previous stroke or TIA).
statistical analyses
Data were described as the mean and median values with range (minimum-maximum) where appropriate. Periprocedural and postprocedural outcomes were presented with respect to the primary combined end point of death, stroke, or hemorrhage within 30 days of the procedure and at 1 year. Procedural data were described as preangioplasty and postangioplasty stenosis. This stenosis was measured as a percentage of narrowing (the minimum measured diameter at the site of greatest stenosis) compared with the normal vessel (the immediately proximal or distal nondiseased segment of the same vessel). Descriptive analysis was performed of categorical (sex, hypertension, diabetes, coronary artery disease, hyperlipidemia, history of stroke) and continuous (age, NIHSS score, BI, and mRS score) variables. The means were compared by Wilcoxon signed-rank test. Statistical analyses were performed using SPSS V.22 (IBM Statistics).
results
Among the 65 patients with symptomatic intracranial atherosclerosis who were screened, 24 had significant stenosis (> 70%) on angiography that met the inclusion criteria for this study. Demographic data are summarized in Table 1 . Among these 24 patients, the mean age was 64.08 years (median 65 years; SD ± 11.24 years), most were men (62.5%), and most were white (66.67%). Many patients had concomitants of vascular disease, including hypertension (95.8%), hyperlipidemia (70.83%), history of smoking (54.1%), and diabetes mellitus (50.0%). Coronary artery disease (41.66%) and previous stroke or TIA (45.83%) were frequently present. The mean preprocedure performance scores were as follows: NIHSS, 1.08 (median 1, SD ± 1.34, range 0-5); BI, 94.79 (median 100, range 65-100); and mRS, 1.08 (median 1, range 0-3) ( Table 2) .
Details of stenosis percentage and location are provided in Table 2 . Most patients (75%) had anterior circulation stenosis. All patients were treated within 30 days of their presenting TIA or stroke, with a median number of days to the procedure of 3.5 (range 1-29 days). The mean preprocedure stenosis was 80.16% (median 80%, range 70%-95%), with submaximal angioplasty performed in all patients. Angioplasty was successfully performed in all cases, and the mean postangioplasty stenosis was 54.62% (median 55.5%, range 31%-78%).
A case-by-case summary of oral antiplatelet and anticoagulant medications before stroke or TIA and after angioplasty is provided in Table 3 .
clinical outcomes

Periprocedural Outcome
At the 30-day follow-up period, no patient had an ischemic stroke or death (study end points). Two patients refused 30-day follow-up examination. For the 22 patients available for follow-up examination, the mean 30-day scores were as follows: NIHSS, 0.77 (median 0, range 0-4); BI, 95.45 (median 100, range 65-100); and mRS, 1.18 (median 1, range 0-3). The 30-day rate of stroke and mortality was 0%. Procedural and outcome data are summarized in Table 2 . With application of the Wilcoxon signed-rank test, the difference in the means of NIHSS score, BI, and mRS score was not significant when compared with baseline values (p = 0.106, 0.610, and 0.705, respectively).
A single perioperative event (a TIA) was noted, with no long-term neurological sequelae in this patient. In this case, the patient had symptoms of ischemia in the distribution of the treated vessel during inflation of the angioplasty balloon (9 minutes), with contralateral hemiparesis and confusion. Symptoms resolved completely within minutes of balloon deflation. No postprocedural residual deficit remained.
Longer-Term Follow-Up
One-year follow-up was available for 18 of 24 patients and 90-day follow-up for 1 patient (4 of 24 patients were enrolled in the current study within the last 4 months, and 2 of 24 patients were lost to follow-up). At the last followup, the mean scores were as follows: NIHSS, 0.37 (median 0, range 0-3); BI, 97.89 (median 100, range 80-100); and mRS, 0.47 (median 0, range 0-2). At the last follow-up, the difference in means (Wilcoxon signed-rank test) of the NIHSS and mRS scores was significant when compared with baseline values (p = 0.012 and 0.008, respectively). However, it was nonsignificant for the BI (p = 0.141).
During the postprocedural 30-day follow-up period, 1 patient presented with a TIA. However, no new diffusionweighted imaging changes were seen on MRI and this was not considered a stroke outcome event. None of the patients died during the follow-up period, and only 1 patient suffered an ischemic stroke. This patient had presented with symptomatic stenosis of the left middle cerebral artery (MCA) and underwent submaximal angioplasty. Five months later, he presented with dysarthria and right hemiparesis. A CT angiogram of the head and neck showed left MCA occlusion. The patient underwent an initial submaximal angioplasty followed by placement of a drug-eluting stent (XIENCE Xpedition Everolimus Eluting, Abbott Vascular). Twenty days later the patient presented with worsening of symptoms and in-stent thrombosis, and underwent repeat angioplasty along with the administration of an eptifibatide bolus. The patient's clopidogrel response was found to be nontherapeutic, and he was placed on ticagrelor. At 1-year follow-up, the patient had only mild weakness of the intrinsic muscles of the right hand. His mRS score was 1 and the BI was 90.
The rate of mortality, hemorrhage, and 30-day stroke was 0% in this series. Ischemic stroke was seen in only 1 (5.5%) of 18 patients during 1 year of follow-up (Fig. 1) .
discussion
Key results and interpretation
This study demonstrates the safety of submaximal angioplasty in the treatment of symptomatic ICAD. None of the patients suffered ischemic stroke in the 30-day postprocedure period, and there was no hemorrhage or death. The single periprocedural event consisted of a TIA related to prolonged inflation of the angioplasty balloon (9 minutes), with return of examination findings to baseline status within minutes after balloon deflation. The rate of periprocedural complications in the present study compares favorably with the nearly 15% complication profile associated with stenting in a similar patient population in SAMMPRIS, as well as with the 30-day nonfatal stroke risk of 5.3% in the medical arm of that trial. 2 Symptomatic ICAD associated with stenosis exceeding 70% presents because of a number of clinical syndromes, including hypoperfusion in the distal territory, embolic infarct from plaque debris in distal territory, and occlusion of perforator(s) in the region of the plaque. It is the hypoperfusion syndrome that can be aided by flow augmentation, not the other two, which are best treated with antiplatelet and statin therapy. The inclusion of higher-grade stenosis in our study is designed to increase the enrollment of patients with hypoperfusion, who are most likely to benefit from flow augmentation; these patients have been excluded because of the failure of previous attempts to use noninvasive studies (including PET-oxygen extraction fraction in the COSS) 11 for patient selection. The interventional protocol in SAMMPRIS was modeled on the coronary literature, with an attempt at normalization of underlying vascular anatomy postaugmentation. However, the price of anatomical normalization is an increase in iatrogenic events resulting from local perforator occlusion and distal embolization as well as an increase in procedural complexity with first-generation devices, including stents.
The efficacy of the submaximal angioplasty technique in the setting of ICAD remains unclear. We suspect that patients benefit from this technique due to a marginal but adequate restoration of blood flow. Because flow is proportional to the fourth power of the radius of the affected artery (Poiseuille's equation), a small augmentation in diameter is adequate to restore functional distal territory flow in most cases. Thereafter, we suspect that either medical therapy allows remodeling of underlying plaque or, possibly, the progressive development of pial collateral vessels to distal territory restores normal flow, which may subvert subsequent ischemic infarction due to insufficient flow.
We hypothesize that the low morbidity associated with this procedure is due to the performance of a limited angioplasty. 5 The submaximal angioplasty technique theoretically allows sufficient flow augmentation through a symptomatic stenotic lesion, with significantly reduced risk of arterial injury, perforator snow-plowing occlusion, and distal embolization; and at the same time it allows a graded return of flow to a more adequate level, which may prevent hyperperfusion syndrome and disastrous intracerebral hemorrhage in the chronically ischemic brain. This in turn may limit the ischemic, technical, and reperfusion complications on the order of 10%, 2%, and 2%, respectively, that were seen in SAMMPRIS. 2 A single patient had an intraprocedural TIA, which we suspect was due to prolonged balloon inflation. To avoid similar events, we recommend balloon inflation for no longer than 5-8 minutes. However, we also believe that slow inflation of 1 atm per minute and slow deflation of 1 atm per 30 seconds are key to avoiding plaque disruption, with possible dissection and distal embolic events. In our series, in which a slow-inflation submaximal angioplasty technique was used, there were no instances of plaque disruption or dissection with acute vessel occlusion necessitating intraprocedural rescue stenting. It should also be noted that we recommend usage of balloons with diameters no greater than 50%-70% of the normal vessel for the same reasons as slow inflation; i.e., to avoid vessel injury and plaque disruption.
The efficacy of the technique in long-term reduction of stroke for patients with symptomatic ICAD who undergo submaximal angioplasty remains unclear. A previous study, the NIH's Wingspan registry, noted a 25% rate of recurrent stenosis exceeding 50%, with lower rates in the vertebrobasilar circulation and much higher rates in the clinoidal carotid and M 1 MCA segments. Approximately 16% of these stenoses were responsible for recurrent symptoms.
14 It is unclear whether this rate was reflective of the stenting strategy and nuances related to vessel apposition or vessel/plaque reaction to the stent implant. In our study, follow-up beyond 30 days was available in 19 cases (1-year follow-up in 18 patients), and only one of them presented with recurrent stroke. This patient was found to have a recurrent stenosis. We attribute this success in stroke prevention in part to concurrent treatment with antiplatelet 8 and antihyperlipidemic agents. 9, 12 In another US Wingspan registry, 1 the primary end point (stroke or death within 30 days of the stenting procedure or ipsilateral stroke after 30 days) with high-grade (70%-99%) stenosis was 13.9%. 6 In the SAMMPRIS trial, the mean follow-up was 11.9 months. 2 The event rate of ischemic stroke in the territory of the qualifying artery at long term was 10.13% (23 of 227 patients) in the medical arm. In the stenting cohort, the event rate increased to 16.07% (36 of 224 patients). In our series, the rate was 5.2%. A similar complication rate was reported by Marks et al. 10 in their series of 120 consecutively treated patients. Long-term follow-up (mean 42.3 months) was available for 116 patients, and the annual stroke rate was 3.2%. However, their inclusion criteria was ≥ 50% stenosis, compared with > 70% stenosis in our study and in the SAMMPRIS trial.
We further hypothesize that the patients with symptomatic ICAD who are most likely to benefit from revascularization treatment with submaximal angioplasty are those who have true flow limitation. A simple measure of vessel stenosis (the inclusion criterion for this study) is a gross simplification of this and does not take into account collateral flow. Although collateral flow may be difficult to measure with the subjective assessment of angiography, objectively decreased flow to the affected area of the brain that is measured by physiological imaging, such as perfusion mapping 7, 13 or quantitative MR angiography, 1,15 may be of value in determining which patients are at greatest risk for recurrent stroke due to flow limitations from an atherosclerotic lesion. Further prospective study of this technique would benefit from the inclusion of physiological or actuarial measures of diminished flow to identify patients best suited to revascularization, potentially with provocative challenge testing.
study limitations
The principal limitations of this study are its small size and lack of a medical control arm. The true complication rate of submaximal angioplasty may be more appropriately estimated with a larger study. Follow-up angiography was not routinely performed in patients, and thus no measure of recurrent asymptomatic stenosis is known for this patient group. Furthermore, this study was limited to a single high-volume academic center, and similar results may not be encountered universally.
conclusions
Submaximal angioplasty for symptomatic intracranial atherosclerotic disease is a safe technique. None of the patients had ischemic stroke in the first 30 days, and only 1 patient presented with recurrent ischemic stroke during 1 year of follow-up. Additional studies with longer follow-up and a larger cohort are required to assess the true safety and efficacy of this technique for reduction of recurrent stroke from ICAD and to determine the patient population that will derive the greatest benefit.
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